Objective: To evaluate possible abnormal increase in thalamic glutamate/glutamine levels for restless legs syndrome (RLS) indicating increased glutamatergic activity producing arousal that at night disrupts and shortens sleep.
the ability to sleep in the night and day. 11 This study focused on thalamic glutamatergic activity using as a surrogate measure total thalamic glutamate (Glu) and glutamine (Gln) concentration assessed by proton magnetic resonance spectroscopy ( 1 H MRS) METHODS Standard protocol approvals, registrations, and patient consents. The study and informed consent procedures were approved by the Johns Hopkins Institutional Review Board following the guidelines of the Declaration of Helsinki. 12 All available data obtained from the eligible participants consenting to the study were included in the analyses.
Procedures. Patients eligible for this study had to be diagnosed by a Johns Hopkins RLS specialist (R.P.A. or C.J.E.) with primary RLS meeting all RLS diagnostic criteria. 1 Patients with secondary causes or factors exacerbating RLS or complicating the diagnostic process were excluded. Patients with RLS had to have RLS symptoms occurring (or reported to occur when off medications) at least 6-7 days a week persisting for at least 6 months. They had to have a 5-night-average PLMS $20 on the PAM-RL leg activity meter 13 (Phillips-Respironics) after being off RLS medications for at least 7 days. Control subjects were selected to match age and sex of the patients with RLS. They were required to be free of features defining RLS, have no known first-degree relatives with RLS, be free from any significant medical or psychiatric disease and any sleep disorder (aside from RLS), and have PAM-RL PLMS #10/hour for 5 nights. Apnea rates determined by home screening with oral air flow or sleep laboratory polysomnography (PSG) had to be #15/hour for all participants in this study. All RLS medications, all psychoactive medications (except caffeine and nicotine), and all supplements with iron were stopped at least 2 weeks prior to starting the study. 1 H MRS of the right thalamus was performed in the morning between 8:00 and 12:00 using a 1.5 T GE MRI scanner and the PROBE-P (PRESS) sequence. The scan parameters were 2 3 2 3 2 cm 3 voxel size, 64 averages, 2,000 Hz sweep width, and 1,024 data points. The repetition time was 1.5 seconds and the echo time was 35 milliseconds. MRS signals were corrected for eddy currents using the unsuppressed water signal and filtered with a 2-Hz Gaussian line-broadening function. After Fourier transformation, an automated zero-order phase correction was performed. The baseline correction was performed using a cubic spline routine. Signal areas of myo-inositol (mI), choline-containing compounds (Cho), creatine/phosphocreatine (Cr), Gln plus Glu (Glx), and N-acetylaspartate (NAA) were determined by integration in the following limits: mI (3.70-3.40 ppm), Cho (3.30-3.12 ppm), Cr (3.12-2.92 ppm), Glx (2.41-2.14 ppm), and NAA (2.14-1.90 ppm), using an in-house program "csx2" (figure 1). MRS experts (P.B., A.H.) made all measures blinded to any knowledge about the patient or patient's diagnosis. As per standard MRS practice, metabolite signals in this study were expressed as ratios to total creatine (i. e., creatine plus phosphocreatine peak areas). The primary MRS measure for this study was the Glx/Cr ratio. The complex Glx signal includes mostly both Glu and Gln reflecting glutamatergic activity: Glu as the available neurotransmitter, Gln as the active transport for recycling Glu. Changes in Glx/Cr are considered to mainly reflect changes in glutamatergic metabolism.
A subgroup of subjects as part of another ongoing study had 2 consecutive nights of PSG, including a full night's PSG recording (6 hours or more) on the second night in the Hopkins Clinical Research Unit prior to the MRS. These data were used for analyses of sleep characteristics of the patients. The PSG recordings were scored to maintain consistency with our prior studies following Rechtschaffen and Kales criteria 14 using C3-A2 or C2-A1 electrode derivations and PLM criteria defined by the Atlas Task Force for recording and scoring leg movements. 15 Statistical analyses. The primary measure of thalamic glutamatergic activity for this study is the MRS Glx/Cr ratio. The primary measure of RLS arousal producing wakefulness during the sleep period was selected a priori to be time spent awake during the sleep period (wake during the sleep period [WDSP]). WDSP was calculated from the second night PSG recordings as total time awake summed across the total period designated for sleep. We tested 2 primary a priori hypotheses: 1) the thalamic Glx/Cr ratio will be greater for RLS than control subjects, and 2) the thalamic Glx/Cr ratio in RLS will correlate with WDSP. The first hypothesis was tested using a one-sided t test and a Dixon test evaluating possible outliers. The second hypothesis was tested using a standard single-alternative regression analysis with significance set at 0.05. All other subjective and objective sleep variables were part of secondary analyses that included comparisons between control and RLS groups and correlation to Glx/Cr ratio. Secondary analyses were tested using 2-sided x 2 and t tests as appropriate without correction for multiple testing for these exploratory evaluations.
Sample sizes had been set to detect effect sizes of about 0.75 and correlations with clinical parameters of about 0.6 that had been reported for iron status measurements. 16, 17 RESULTS Thalamic MRS data were obtained on 20 controls and 28 patients with RLS. The 2 groups were well-matched for age and sex (table 1). Mean thalamic Glx/Cr ratio was significantly higher for patients with RLS than controls (mean 6 SD 1.20 6 0.73 vs 0.80 6 0.39, t 5 2.2, one-tailed p 5 0.016) (figure 2). The RLS group had the 7 highest Glx/Cr values. Dixon tests indicated that the 1 or 2 highest values for patients with RLS were not significant outliers (Dixon Q 5 0.097 for 1 and 0.37 for 2 highest values, p . 0.05 18 ).
Figure 1
Single voxel 1 H magnetic resonance spectrum of the thalamic region in patient with restless legs syndrome Signals of myo-inositol (mI), total choline (Cho), total creatine (Cr), glutamate and glutamine (Glx), and N-acetylaspartate (NAA) were evaluated.
Second-night PSG data were available for 18 patients with RLS and 14 controls. These subgroups were well-matched for sex and age (table 2). The Glx/Cr ratio correlated significantly with WDSP (r 5 0.61, p 5 0.007), supporting the study's second primary hypothesis. The correlation between Glx/Cr and all of the secondary sleep measures can be seen in table 2. These correlations were significant (r $ 0.47, p , 0.05) for both the objective measures and subjective estimates of total sleep times (figure 3) as well as for all measures related to amount of waking (wake after sleep onset, sleep latency, and sleep efficiency). No similar relations were found for the controls.
The RLS group showed the expected sleep differences compared to the control group: significantly greater PLMS/hour and wake time (WDSP) and significantly less total sleep time, non-REM minutes, sleep efficiency, and subjective estimate of sleep times (table 2) . No significant decrease in the amount of SWS and a slight, nonsignificant increase in the amount of REM sleep were found for the patients with RLS compared to the control groups. All of the sleep variables that differ between patients with RLS and controls correlated significantly with the Glx/Cr ratio except for PLMS/hour. The PLMS/hour did not significantly (p . 0.20) correlate with the Glx/Cr or any of the EEG sleep variables except for a marginally nonsignificant correlation of decreasing PLMS/hour with more SWS minutes (r 5 0.46, p 5 0.055).
The other MRS measurements (mI/Cr, Cho/Cr, and NAA/Cr) showed no statistically significant difference between patients with RLS and controls. DISCUSSION This study provides 2 important findings that if confirmed in further studies could significantly affect both the concepts of the underlying RLS neurobiology and our approach to evaluating and treating RLS. First, the findings support the general hypothesis of increased glutamatergic activity in RLS. If confirmed in future studies, this represents a new RLS abnormality in a major nondopaminergic neurologic system. The involvement of the thalamus indicates that the mechanism producing the arousal disrupting RLS sleep may involve increased thalamocortical activation. Whether or not other brain regions will also have increased glutamatergic activity remains to be determined.
Second, while previous studies have related iron status to RLS morbidity, 16, 19 these are the first data to demonstrate a relation between a neurotransmitter system and the primary morbidity of RLS, that is, sleep disruption. In particular, there are no data relating degree of dopamine abnormality to any clinical or PSG feature of RLS. These data confirm the hypothesized relation between increased Glx/Cr levels and the degree of RLS arousal abnormality as measured by the amount of waking during the sleep period. The significant relations to Glx/Cr occur not only for the primary measure of arousal disturbance (wake during sleep period) but also for all of the measures of sleep disruption, including the subjective estimates of total sleep times. It has been somewhat surprising to find that PLMS rates have essentially no relation to sleep fragmentation of RLS. 20, 21 Thus, the arousal disturbance and PLMS appear to represent somewhat different abnormalities of RLS.
Medication responses also support the concept of dual mechanisms potentially underlying the clinical abnormalities seen in RLS. On one hand, the a-2-d anticonvulsants gabapentin, pregabalin, and gabapentin enacarbil decrease Glu release and provide effective treatment for RLS. They are most effective for improving sleep with less benefit for reducing PLMS than the dopamine agents. 22 The NMDA receptor antagonist ketamine had also been reported to dramatically improve sleep and reduce RLS symptoms for 2 treatment-resistant cases. 23 Methadone, unlike other opioids, is effective for RLS at doses much lower than the usual analgesic dose. At the dose range used for RLS, methadone's action includes NMDA receptor antagonism. [24] [25] [26] On the other hand, dopaminergic treatments dramatically reduce PLMS and in general RLS sensory symptoms but usually fail to significantly reduce the RLS arousal abnormalities increasing waking during sleep. 5, 7, 27 RLS pathophysiology may involve 2 different neurotransmitter systems, dopamine and Glu, each primarily related to different clinical features of RLS. These systems interact so that treating one may indirectly alter the other but to a lesser extent and at higher doses. Thus, there is some reduction in PLMS with a-2-d drugs but it is less consistent and of a smaller magnitude than with dopaminergic drugs. Conversely, there may be some decrease in waking during sleep with dopaminergics, but again, it is less consistent and of a smaller magnitude than with a-2-d drugs. Confirming this concept in future studies may be important for evaluating and treating RLS. A focus on only one of these aspects or treatments may lead to either excessive doses or less than optimal patient care. The nature of the RLS arousal disturbance is itself interesting in relation to the thalamic MRS data. The 4 studies comparing EEG-determined sleep of patients with RLS to matched controls have all shown significantly increased awakening and decreased sleep efficiency. 20, [28] [29] [30] All but one 28 report significantly decreased total sleep time. Two of the 4 studies report significantly decreased stage 2 sleep. 20, 31 Only one study reported significantly decreased REM sleep 20 and then by only a small amount (0.3% of sleep period) with minimal statistical significance not corrected for multiple comparisons. None of these studies reported significant differences between RLS and controls for SWS. The data in this study (table 2) show the same pattern of increased wake affecting mostly stage 1 and 2 sleep with no significant effect on either SWS or REM sleep. Considering all of these studies, it appears that RLS-related sleep disturbance is expressed by increased waking during stage 2 sleep and to lesser extent other non-REM sleep with little effect on REM. It is striking that in the current study the thalamic Glx/Cr correlates significantly with all of the sleep characteristics that show significant differences between RLS and controls except for PLMS (table 2) . The hyperpolarization of thalamocortical neurons provides a primary regulation for sleep spindle generation and for reduction of sensory inputs enabling cortical sleep. 11 Increased thalamocortical excitation would therefore be expected to produce both the increased wake time and decreased stage 2 sleep seen in patients with RLS. Moreover, REM sleep represents a more activated brain state that could be much less affected if at all by increased thalamic excitatory activity. The relative sparing of SWS may reflect somewhat different neurobiological mechanisms supporting SWS vs stage 2 sleep. Thus, the increased thalamic glutamatergic activity indicated in this study could explain the sleep disruption characteristic of RLS.
What is not clear from these data is whether the increased glutamatergic activity causes or results from the sleep disruption at night. There is one study of primary insomnia that provides relevant neurochemical data. The primary insomnia patients had sleep disruption close to that seen in our patients with RLS, i.e., averages for the insomnia vs RLS patients with sleep efficiency 80.0% vs 78.8%, wake after sleep onset 64.3 vs 65.0 minutes, sleep latency 23.2 vs 20.9 minutes, and total sleep time 384.3 vs 336.0 minutes, respectively. The PLMS/hour were far fewer for primary insomnia than RLS (averages 2.6 vs 85.2, respectively), but PLMS do not correlate in any way with the degree of sleep disturbance in the RLS data. MRS from a 4 T MRI showed these primary insomnia patients compared to matched controls had significantly decreased GABA but no change in Glx. 32 If it were the sleep disruption itself that produced the Glx increase in RLS, then at least some increase in Glx for primary insomnia would be expected, contrary to the report here. It should be noted, however, that this is only one study, and primary insomnia is a complicated disorder involving multiple factors that could disrupt sleep. A better control for future studies would be experimentally sleep-deprived controls matched for sleep times and arousal during sleep with that experienced by patients with RLS. The insomnia study, however, provides us with the best available comparison data and provides some assurance that the Glx differences in this study do not occur with the sleep disruption alone.
Finally, if there is a glutamatergic pathology in RLS, the question then becomes what could be causing this abnormality? Compromised brain iron homeostasis is a well-established feature of RLS documented by multiple studies indicating reduced iron concentration in select brain regions [33] [34] [35] that particularly include decreased H-ferritin in the substantia nigra. 36, 37 Two studies have used MRS to evaluate Glu levels in animals with compromised brain iron status. Gestational and lactational dietary iron deficiency produced a decrease in brain iron and a significant increase in rat striatal Glu. 38 Similarly, mice with a genetic H-ferritin deficiency producing a condition similar to the H-ferritin deficiency in patients with RLS 36, 37 also showed increased Glu 39 present in several brain regions. Moreover, quantitative trait locus mapping of genetic factors related to murine ventral midbrain (VMB) iron identified a relation between VMB iron status and the glial high-affinity Glu transporter gene (Glt-1). Glt-1 expression showed a strong negative correlation with VMB iron. 40 While this study did not measure protein, it could, nonetheless, indicate that iron deficiency occurs with increased glial uptake of Glu, consistent with the primary hypothesis of this project of increased glutamatergic activity in RLS. There are 3 limitations to this study. First, despite having theoretically based primary hypotheses, this has to be considered as an initial study of MRS and RLS. The results need to be confirmed in another adequate sample size study. Second, the patients had severe RLS with almost daily symptoms and significant PLMS and sleep disturbance. It is unclear if the results generalize to less severe RLS. Third, the MRS measures of Glx in this study are a combination of Glu and Gln with possibly a relatively small amount of GABA. Given the close metabolic relation between Glu and GABA, it is possible that GABA might also be increased, although this would not seem likely to produce sleep loss observed in RLS. Glu also serves multiple functions in the brain, and changes in Glu levels themselves are hard to interpret. It also cannot be discounted that some of the change in the Glx/Cr ratio may be due to changes in Cr rather than Glx. If this occurred, however, it would be expected to also produce differences in the other MRS measures, which were not found. The finding in this study should be further evaluated with MRS studies using higher magnetic field strengths and quantification methods that provide separate Glu, Gln, and GABA measurements.
Overall, these data provide a consistent pattern indicating a significant increase in thalamic glutamatergic activity that could produce hyperarousal in patients with RLS associated with increased waking during sleep, mostly affecting non-REM sleep and not related to PLMS. This RLS hyperarousal could also reduce the effects of the chronic sleep loss with RLS during the daytime. The Glu and dopamine abnormalities may combine and interact to produce the full range of RLS symptoms, i.e., dopamine related more to sensory symptoms and PLMS, Glu related more to the RLS hyperarousal with sleep disruption. The relative clinical and biological importance and interaction of these systems for RLS and the significance of the putative RLS hyperarousal remain to be determined.
